The MODIS instrument is currently operated onboard NASA's Terra and Aqua spacecrafts, launched in December 1999 and May 2002, respectively. MODIS has 36 spectral bands, among which 20 are the Reflective Solar Bands (RSB), covering a spectral range from 0.41 to 2.2 microns. The RSB are calibrated on-orbit using an onboard Solar Diffuser (SD), together with lunar observations and measurements from an onboard Spectroradiometric Calibration Assembly (SRCA). MODIS views the Earth's surface and the onboard calibrators via a two-sided scan mirror. Previous analysis of on-orbit observations from the SD, Moon, and SRCA has revealed that the Response Versus Scan angle (RVS) of the scan mirror is time, Angle of Incidence (AOI), and wavelength (band) dependent. Consequently, algorithms have been developed to track the on-orbit RVS change. In addition to the SD, Moon, and SRCA observations, the Earth View (EV) measurements at different AOI are trended and used to derive the time-dependent RVS look-up tables (LUT) for the RSB calibration in the Level 1B (L1B). On-orbit RVS algorithms were first applied to MODIS Version 4 and have, since then, been revised several times for both Terra and Aqua MODIS in order to adequately track on-orbit changes. In this paper, we present MODIS RSB RVS algorithm development history, focusing on the recent improvements for the upcoming Version 6. Results show that the RVS change is larger at shorter wavelengths and is different for the two mirror sides. For both Terra and Aqua MODIS, the degradation is also detector dependent for a few visible spectral bands.
INTRODUCTION
The MODerate Resolution Imaging Spectroradiometer (MODIS) [1] [2] [3] [4] is one of the key instruments for NASA's EOS missions. Two MODIS instruments are now on-orbit, one onboard the Terra spacecraft launched on December 18, 1999 and the other onboard the Aqua spacecraft launched on May 4, 2002 . MODIS has 36 spectral bands, among which bands 1-19 and 26 are Reflective solar bands (RSB) with a spectral range from 0.41 to 2.2 µm. Bands 1-2, bands 3-7, and bands 8-16 and 26 are imaged at nominal resolutions of 250 m, 500m and 1km at nadir respectively. Each 250m band has 40 detectors; 500m band has 20 detectors, and 1km band has 10 detectors. The RSB are calibrated on-orbit by an onboard Solar Diffuser (SD) with a known prelaunch BRF, whose on-orbit degradation is tracked by a Solar Diffuser Stability Monitor (SDSM). [5] [6] [7] In addition the onboard Spectroradiometric Calibration Assembly (SRCA) 8 and lunar observations at nearly identical phase angles 9, 10 help in tracking the radiometric gain changes on orbit. MODIS regularly views the Moon through its Space View (SV) port, which normally provides the instrument dark response.
MODIS views the Earth surface, SV, and the onboard calibrators via a two-side scan mirror, which is one of the most vital components. [11] [12] [13] It continuously samples with a scan period of 1.478 seconds. The light from Earth View (EV) is incident on the scan mirror with different Angles of Incidence (AOI). The reflectance of the scan mirror depends on the AOI as well as the wavelength of the incident light. The dependence of the scan mirror's reflectance on the AOI can be described by the Response Versus Scan (RVS) angle which is normalized to the AOI of the SD. The response of both Terra and Aqua MODIS to the Spectral Integration Sphere (SIS) 100 at different AOI of the scan mirror were characterized prelaunch which demonstrated the dependence of the RVS on the AOI and wavelength.
From the SD/SDSM calibrations, the gain variation of the MODIS electronic and optical system with respect to the SD's AOI for the RSB is derived. Both MODIS instruments are scheduled to view the Moon via the SV approximately monthly. The lunar observations give the variations of the gains at the AOI of the SV. 9, 10 The RVS at the AOI of the SV for the RSB can be derived from both SD and lunar observations. 9 The SRCA is designed to monitor the sensor's radiometric stability as well as spatial and spectral characterization. 8 Since the SRCA uses an internal light source, it may not track the gain variations for the RSB as accurately as the SD/SDSM and lunar calibrations. However, the ratios of the mirror side responses to the illumination from the SCRA do not depend on the absolute radiance value from the light source and provide reliable information about the variations of the RVS mirror side ratios at the AOI of the SRCA. The mirror side ratios of the RVS at various AOIs can also be derived from MODIS EV responses. From these observations, it is known that the reflectance of the scan mirror degrades on-orbit and its degradation depends on time, AOI, and wavelength of the incident light. 6, 7, 10 Time-dependent RVS was developed and applied to MODIS L1B version 4 and the algorithms have been improved in versions 5 and 6, for both Terra and Aqua MODIS RSB thereby yielding improvements in L1B EV quality. In section 2, algorithms for MODIS RSB RVS are described based on the MODIS L1B version 6, the most recent version of the product. In section 3, the time-dependent MODIS RSB RVS on-orbit performance is shown for both Terra and Aqua MODIS. For both Terra and Aqua MODIS, the rate of change of the RVS is larger at shorter wavelengths. The RVS for Terra MODIS RSB has a strong mirror side (MS) dependency as compared to Aqua MODIS RSB. The RVS degradation patterns with time for the two instruments are also quite different. The RVS are detector dependent at shorter wavelength and the pattern of the detector differences varies with time. Angle of Incident (Degree)
ALGORITHMS FOR MODIS RSB RVS

A. RVS
The MODIS scan mirror scans the earth surface, SD, SRCA, BB, and SV sequentially. The scan mirror reflects earth's radiation over a scan angle range from -55 o to 55 o into the MODIS optical system. It also reflects the radiation of the SD, SRCA, BB, and SV to the optical system but with a much smaller field of view (FOV). Figure 1 shows the scan angles for earth view and other onboard calibrators, where nadir of the MODIS is taken as zero point of the scan angle. The AOI, θ, of the scan mirror is related to the scan angle, ω, by / 2 38 
The RVS of the scan mirror was characterized prelaunch for both Terra and Aqua MODIS. The on-orbit variation of the RSB RVS may be tracked by the onboard calibrators and the lunar observations. Then we can express the RVS as 
B. RVS On-Orbit Change
Both Terra and Aqua MODIS had weekly SD calibration in their early missions and then have a bi-weekly calibration after one-year on orbit. In May, 2003 Terra MODIS experienced a SD door operation related anomaly that led to a decision to keep the SD door permanently in the "open" position. Thus, since July 2, 2003, the Terra SD door has been kept permanently open and Terra MODIS has a SD calibration event in every orbit as it crosses the North Pole. 7 From each calibration, a calibration coefficient, ) ( 1 t m , is derived for each band, detector, subframe, and mirror side. The coefficient is inversely proportional to the gain of the MODIS electronic and optical system at the AOI of the SD. Currently the SD is operated once every three weeks for Aqua MODIS with the SD screen in place specifically for the high-gain ocean bands. The SD calibration with screen "open" for the other Aqua MODIS RSB is scheduled once every six weeks. 9 With corrections for the effects of the view geometry and oversampling, a normalized lunar irradiance for each band, detector and mirror side can be obtained from each lunar observation. From the normalized irradiances, a set of lunar coefficients similar to the scaling factors, ) ( 1 t m moon , can be derived, which are inversely proportional to the gains of the MODIS electronic and optical system at scan mirror AOI of the SV.
We can express the RVS on-orbit variation at AOI of the SV as
where 0 t is an initial time, from which the RVS variation can be tracked and should correspond to the time at which the nadir door was first opened on-orbit. 
In addition to on-board calibrators, we can derive the MODIS MS response ratios from its EV observations at selected AOIs. Although the earth surface is not smooth, the EV radiance can be approximated as a same light source for all detectors of each band when it is averaged over a large number of scans. The MODIS MS response ratio at the AOIs of the SV and NADIR can also be derived from the lunar and the SRCA observations, respectively. Since the RVS is normalized at the AOI of the SD, the ratio of the two mirror side's RVS at any given AOI equal the response MS ratio at the AOI divided by the calibration coefficients MS ratio, that is,
where dn is the instrument's response with the background response subtracted. Then the RVS of MS two (MS2) and its on-orbit change can be obtained from the RVS of the MS1 and the RVS MS ratio by 
The fitted coefficients form a time dependent LUT for MODIS RSB RVS.
MODIS RSB RVS PERFORMANCE A. Prelaunch RVS
The prelaunch RVS measurements for both Terra and Aqua MODIS RSB were performed using the SIS (100) to illuminate the scan mirror at more than 12 different AOIs at three lamp levels, corresponding to high, medium, and low radiance levels. At the end of each set of measurements, repeated collects were also made at 3 of the AOIs for Terra MODIS and 5 of the AOI for Aqua MODIS. 14 Ten scans with 100 frames each were collected for every measurement.
The averaged background subtracted MODIS responses to the illumination of the SIS 100 for each band, detector, and mirror side were fitted to a quadratic form It was found that the difference of the prelaunch RVS among detectors of each band and mirror side was seen to be less than 0.13%. 14 Since the detector differences of the derived RVS was relatively small, MODIS RSB prelaunch RVS was considered to be detector independent. The MODIS RSB prelaunch RVS was obtained by averaging the RVS over the detectors for each band and mirror side. Figure 2 shows Terra MODIS mirror side one prelaunch RVS for wavelengths corresponding to bands 1-4 and 8-19. The RVS depends on both the wavelength of the band and the AOI. The RVS MS ratio in figure 3 shows that the response of the two mirror sides of the Terra MODIS scan mirror differ significantly even before the launch. The Aqua MODIS prelaunch RVS is also a function of wavelength as well as AOI. However the RVS change with AOI is smaller compared to that for Terra MODIS RSB. Also the MS difference in Aqua RSB RVS is significantly smaller compared to that observed in Terra MODIS.
B. RVS for Mirror Side One
The Terra MODIS MS1 calibration coefficients derived from SD calibrations and the lunar coefficients obtained from the scheduled lunar observations for bands 3, 8, 9, 10, and 17 are shown in Figures 4 and 5 , respectively. The coefficients have been averaged over detectors, and normalized to the first observation of each calibration. The discontinuities around day 305 (October 31, 2000) and day 549 (July 2, 2001) are due to the changes of the MODIS electronics configuration from side A to side B and back to side A from side B, respectively. 7 The coefficients for bands 3, 8, 9, and 10 increase approximately linearly before August 23, 2001, then become flat, and increase again after September 26, 2002. The lunar coefficient for band 8 becomes flat again after day 2500. For other bands, the coefficients change much slower. As seen in figures 4 and 5, the change rate of the lunar response for band 8 exceeds that of the band's SD response in the early part of the mission (before July 2, 2003) while the SD response changes much faster than the lunar response after the SD door anomaly on May 6, 2003. 7 The total gain, which is inversely proportional to the corresponding calibration coefficient, decrease for Band 8 (412nm) at the AOI of the SD is 48% as seen from the SD measurements whereas it is 41% at the AOI of the SV as seen from the lunar measurements.
Aqua MODIS MS1 calibration coefficients from SD and lunar measurements are shown in Figures 6 and 7 , respectively. They have been averaged over detectors, and normalized to the first observation of each calibration. Unlike the Terra RSB, the lunar coefficients for Aqua MODIS RSB increase slightly slower than those obtained from the SD calibrations in the first two years of the mission but then they increase faster than the calibration coefficients. In general, the RSB with shorter wavelengths are seen to experience more gain change in both lunar and SD measurements. For Aqua MODIS band 8, the gain has decreased 26% since June 12, 2002 and it has decreased 38% at the AOI of the SV since June 20, 2002. The detector differences among the SD calibration coefficients and the lunar coefficients for Terra band 8 are shown in Figures 8 and 9 , respectively. It is known that there is some residual bias among the detectors in the calibration coefficients directly derived from the SD calibration. The bias is demonstrated by the detector-detector striping in the MODIS L1B product. It is understandable since the detectors of each MODIS band view slight different spots on the SD surface, which might exhibit slightly different on-orbit degradation. The SD degradation correction derived from the SDSM is band-dependent and hence does not account for these differences. The correction factors to account for the residual detector bias were derived from the EV dn measurements at the SD AOI. These correction factors should bear no impact of the detector averaged calibration coefficients as shown in Figures 4 and 6 . The EV dn measurements were derived from an invariant site in the North Atlantic Ocean (24°,-42°) using the non-saturated dn measurements at the SD AOI. Figure 8 shows the detector difference between the calibration coefficients for Band 8 MS1. These coefficients have been corrected for the residual detector bias derived from the EV measurements. The lunar coefficients shown in Figure 9 are directly derived from the lunar observations without any additional correction since all detectors of each MODIS band view the entire surface of the Moon even though at slightly different times. In general, the trends of the detector differences seen from SD and lunar measurements in Figures 8 and 9 seem to show similar long-term trends; however the short-term differences between the two sources of measurements will result in a RVS detector differences as large as ±1%. The detector differences among Aqua band 8 calibration and lunar coefficients are also observed to be relatively smaller compared to Terra band 8.
To reduce the fluctuations from the SD and lunar measurements, we fit the measured detector averaged calibration coefficients and lunar coefficients for mirror side one of each band, respectively, to a piece-wise smooth function. We also fit the detector differences of the two sets of coefficients to smooth functions. By applying Eqs. (3)- (6) to the fitted smooth functions for calibration and lunar coefficients, the MODIS time-dependent RVS can be derived for mirror side one for each RSB band and detector.
The detector averaged RVS for Terra and Aqua MODIS bands 3, 8-10, and 17 MS1 at the AOI of the SV are shown in Figure 10 and 11, respectively. The RVS shows that the response of Terra band 8 MS1 at the AOI of the SV relative to that at the AOI of the SD decreased about 17% in first five years on-orbit and then increased 29% in the last four years. The current response at the AOI of the SV relative to that at the AOI of the SD is about 14% higher than that at launch. This does not imply that the reflectance of the scan mirror at the AOI of SV has increased since launch. The ratio of m1/RVS gives the reflectance of the scan mirror on-orbit change for a given AOI, which, in fact, always decreases with time for Terra band 8. For Terra band 9 MS1, the response at the AOI of the SV decreased 19% faster than that at the AOI of the SD in the first seven years and then started to decrease more slowly two years ago. For Terra bands 3 and 10, the response at the AOI of the SV decreased about 15% faster than at the AOI of the SD whereas the relative change for band 17 is less than 1% since launch. For Aqua MODIS band 8, the response at the AOI of the SV decreased 17% faster than at the AOI of the SD while in-orbit. This means that the reflectance of the Aqua MODIS scan mirror at smaller AOI (the AOI of the SV) decreases faster than at larger AOI (the AOI of the SD) for band 8. From figure 10 and 11, it is seen that the Terra MODIS RVS changes more dramatically than the Aqua MODIS RVS, especially for bands with shorter wavelengths.
The RVS detector differences for Terra and Aqua MODIS band 8 are shown in Figures 12 and 13 . The first point in each figure corresponds to the RVS detector differences for prelaunch measured RVS which is detector independent. The change in detector differences for Terra MODIS band 8 is significant as compared to Aqua MODIS. At launch (about two years after the prelaunch measurements), the detector differences for both instruments are within ±0.3%. For Aqua MODIS band 8, the differences stay within ±0.5%. For Terra MODIS band 8, the differences switch the detector order after five years on-orbit, exceed ±1% after eight years on-orbit, and are then seen to decrease. Currently the differences for Terra MODIS band 8 are within ±0.4%. The RVS detector differences for other bands are generally smaller compared to band 8 for both Terra and Aqua MODIS.
C. RVS for Mirror Side Two
The mirror side ratios of the SD calibration coefficients, lunar coefficients, and those derived from SRCA measurements are shown in Figure 14 for Terra MODIS band 8. The ratios strongly depend on the AOI. They all degrade faster in early mission, then degrade slower, and finally increase with time although their starting times for increase are different. The ratios vary from 0.9 to 1.09, which indicates that the two sides of the scan mirror degrade quite differently. 7 The ratios of the MODIS EV responses are used to derive the RVS for MS2. They tend to show a similar behavior as exhibited by the on-board calibration coefficients. The ratios for other Terra MODIS RSB have similar behavior. They tend to show more changes for the bands with shorter wavelengths. To reduce random errors of the measurements, the measured ratios are fitted to smoothly connected polynomials as a function of time and the fitted functions are used to derive the RVS for MS2. Figure 15 shows the mirror side ratios of the SD calibration coefficients, lunar coefficients, and the coefficients derived from the SRCA measurements for Aqua MODIS band 8. They decrease much slower than those of Terra MODIS band 8 and exhibit similar behavior at all three AOI. The decrease is about 2% in entire mission and the differences among those at the three AOIs are less than 1%. For other bands, the ratios variation is small with time and AOI compared to those for band 8. The ratios of Aqua EV responses behave about the same as those coefficients shown in Figure 15 . Thus, the two sides of the Aqua scan mirror behave quite similarly. The ratios are fitted to polynomials and the fitted functions are applied to derive the RVS for Aqua MODIS RSB MS2.
The detector averaged RVS for Terra MODIS bands 3, 8-10, and 17 MS2 at the AOI of the SV are shown in Figure 16 . They degrade about the same as that of the MS1 in the early part of the mission and then degrade slowly after one and half years of on-orbit operation. The RVS for bands 8, 9, and 3 started to increase after about four, six, and seven years, respectively. Same as for MS1, the increase in the RVS only means that the reflectance of the Terra MODIS scan mirror at the AOI of the SV degrades more slowly than that at the AOI of the SD. The Terra MS2 detector averaged RVS varies from 0.88 to 1.19 for band 8, 0.85 to 1.01 for band 9, 0.86 to 0.99 for band 3, 0.85 to 1.0 for band 10, and 0.99 to 1.0 for band 17. Same as for MS1, the RVS for the band with shorter wavelength has larger variation. Figure 17 shows the detector averaged RVS for Aqua bands 3, 8-10, and 17 MS2. They are about the same as those for MS1 shown in Figure 11 as expected. The RVS detector differences for MS2 are about the same as those for MS1 for both Terra and Aqua MODIS RSB.
D. Applications
Time-dependent RVS has been applied to MODIS RSB to improve MODIS L1B product quality since Version 4 for both instruments. In Versions 4 and 5, the RVS are detector independent while in Version 6 the RVS are detector dependent. As seen above, the RVS variation on-orbit at the AOI of the SV can be as large as 19% and 17% for Terra and Aqua MODIS band 8, respectively. Thus without the time-dependent RVS improvement, the errors in the MODIS L1B EV product could be as large as 19% for Terra band 8 and 17% for Aqua MODIS band 8 at small AOIs. Considering the specified uncertainty for the MODIS RSBs at the typical scene is 2% in reflectance, 1-4 the timedependent RVS is essential and critical for MODIS RSB calibration.
As mentioned above, the detector-dependent and time-dependent RVS Looking Up Tables (LUTs) has been applied to MODIS L1B Version 6 while only detector-averaged RVS was applied to previous MODIS L1B versions. Figure 18 shows Terra band 8 EV radiance detector differences in MODIS L1B version 5 product. The earth-view measurements were derived from the North Atlantic Ocean site with the detector dn values derived as an average of all the cloudfree/non-saturated scans within the granule. These dn values were converted to top-of-atmosphere (TOA) radiance values after correction with m1 and RVS from version 5 LUTs. Figure 19 shows the same dn trends corrected with m1 and RVS from version 6 LUTs. Compared to those in Figure 18 , the detector differences in the EV radiance are greatly reduced even though some residuals are still remain for the most recent data, which could be induced by the larger uncertainty in the fitting due to a seasonal oscillation. They will be further reduced in future when more data are available. The improvements for the detector differences in Terra MODIS collection 6 EV radiance are not only due to the detector dependent RVS but also due to the correction for the bias in the calibration coefficients directly derived from the SD calibration.
CONCLUSIONS
Time-dependent RVS has been applied to both Terra and Aqua MODIS RSB to improve EV data quality since L1B version 4. The algorithms to calculate the time-dependent RVS LUTs for MODIS L1B version 6 from SD, lunar, SRCA, and EV data are described. The MODIS prelaunch RVS and on-orbit performance are shown. The results show that the RVS of MODIS RSB depends on wavelength (band), detector, AOI, mirror side, and time. It degrades faster for bands with shorter wavelengths than for those with longer wavelengths. The RVS for Terra band 8 degrades for many years even though the degradation slope changes with time and then increases recently especially for mirror side two, while the RVS for Aqua band 8 has a small increase in the early mission and then decreases after one-year on-orbit. Terra MODIS band 8 RVS varies on-orbit from 0.83 to 1.12 for MS1 and from 0.88 to 1.19 for MS2 at small AOI. Aqua band 8 RVS has degraded about 17% for both mirror sides since launch. The RVS degradation patterns for the two instruments are quite different. The two mirror sides of the Terra MODIS scan mirror behave quite differently, while the mirror side difference of the Aqua MODIS is small. The detector dependent RVS developed for MODIS L1B version 6 greatly reduces the detector differences in the EV radiance and, thus, diminishes significantly the striping due to the calibration bias among the detectors in the MODIS L1B product. The time-dependent RVS greatly improves the MODIS EV data quality, especially for short wavelength bands. 
